A variety of DNA lesions, secondary DNA structures or topological stress within the DNA template may lead to stalling of the replication fork. Recovery of such forks is essential for the maintenance of genomic stability. The structure-specific endonuclease Mus81-Mms4 has been implicated in processing DNA intermediates that arise from collapsed forks and homologous recombination. According to previous genetic studies, the Srs2 helicase may play a role in the repair of double-strand breaks and ssDNA gaps together with Mus81-Mms4. In this study, we show that the Srs2 and Mus81-Mms4 proteins physically interact in vitro and in vivo and we map the interaction domains within the Srs2 and Mus81 proteins. Further, we show that Srs2 plays a dual role in the stimulation of the Mus81-Mms4 nuclease activity on a variety of DNA substrates. First, Srs2 directly stimulates Mus81-Mms4 nuclease activity independent of its helicase activity. Second, Srs2 removes Rad51 from DNA to allow access of Mus81-Mms4 to cleave DNA. Concomitantly, Mus81-Mms4 inhibits the helicase activity of Srs2. Taken together, our data point to a coordinated role of Mus81-Mms4 and Srs2 in processing of recombination as well as replication intermediates.
INTRODUCTION
Homologous recombination (HR) is responsible for the repair of DNA double-strand breaks (DSBs), single-stranded DNA gaps, shortened telomeres and stalled or collapsed replication forks. HR repair is characterized by the assembly of the Rad51 protein on single-stranded DNA to form the so-called presynaptic filament. These nucleoprotein filaments search for homology and mediate the invasion of the sister chromatid resulting in the formation of joint DNA molecules called D-loops (1, 2) . After D-loop formation, repair can proceed by two alternative pathways. In classical double-strand break repair (DSBR), the D-loop is stabilized by capture of the second end of the DSB which leads to the generation of a double-Holliday Junction (dHJ). In the alternative pathway, synthesis-dependent strand-annealing (SDSA), the invading strand is extended by DNA polymerase but then displaced from the D-loop and annealing with the second end of the DSB (Figure 8 (2,3) ).
Numerous proteins have been implicated in HR. Among them, the Srs2 protein stands out with its multiple roles during this process (4) . It is a 3 -5 DNA helicase (5, 6) related to the bacterial UvrD protein (7) . Apart from the ability to dismantle Rad51 filament and thereby inhibit HR (8, 9 ), Srs2 appears to promote the SDSA pathway (10, 11) by facilitating displacement of Rad51 from non-invading ssDNA end or by regulating elongation of the invading strand during HR to prevent second-end capture (12) . Srs2 is also directly involved in both branches of post replication repair (PRR), where it could play an important role in the decision between error-free or error-prone pathways (13) (14) (15) . It is also required for proper checkpoint activation, as well as recovery and adaptation in response to cell cycle arrest (16, 17) . Many synthetic-lethal interactions with Srs2 result in accumulation of toxic recombination intermediates (18) (19) (20) (21) .
Mus81 has been implicated in processing various replication and recombination intermediates. It is a structureselective endonuclease that shares homology with the XPF/Rad1 family of proteins. Members of this family usually form a heterodimeric complex with partner proteins (22) . While the Saccharomyces cerevisiae partner protein for Mus81 has been identified as Mms4, in fission yeast and mammalian cells, Eme1 forms a complex with Mus81 with similar activities to those of its budding yeast counterpart (23, 24) . Biochemical studies have demonstrated that Mus81-Mms4 has preferences for a number of DNA structures, such as nicked HJs, D-loops, 3 -flaps and forks (24) (25) (26) (27) . However, it still remains unclear whether Holliday junctions (HJs), the central intermediates in the HR process, are direct physiological substrates for the Mus81-Mms4 (Eme1) complex (25, (27) (28) . In addition, mus81/mms4/eme1 mutants are hypersensitive to a range of agents including methyl methanesulfonate (MMS), camptothecin (CPT), hydroxyurea (HU) and UV light, suggesting a role for this complex in processing aberrant DNA junctions formed at stalled replication forks (29) (30) (31) (32) . Both budding and fission yeast mus81/mms4/eme1 mutants reduce or eliminate meiotic recombination indicating a role in processing intermediates during meiosis (32, 33) . Similarly to Srs2, deletion of Mus81 was shown to be synthetically lethal with mutation in SGS1 and this lethality can be suppressed by elimination of HR (18, 32, 34) .
In this study, we show that the S. cerevisiae proteins, Srs2 and Mus81-Mms4 directly associate in vitro and frequently co-localize in vivo. We mapped the interaction domains within the Srs2 and Mus81 proteins and found that the interaction leads to a dramatic stimulation of Mus81-Mms4 nuclease activity. This stimulation is independent of the Srs2's helicase/ATPase activity and its SUMO/PCNA interaction domain. In addition, Srs2 relieves the inhibition of Mus81-Mms4 nuclease activity by Rad51, but in an ATPase-dependent manner. At the cellular level, the functional interaction between Srs2 and Mus81 is supported by their co-localization at damage-induced foci. Taken together, the stimulation of Mus81-Mms4 nuclease activity by Srs2 might be required not only for processing classical recombination intermediates but also for the rescue of arrested forks.
MATERIALS AND METHODS

Yeast strains and plasmids
Standard procedures for yeast mating, sporulation, dissection, transformation and preparation of growth media (35, 36) were used to obtain strains for this study (Supplementary Table S1 ). All yeast strains used are derivatives of W1588-4C (MATa ade2-1 can1-100 ura3-1 his3-11, 15 leu2-3,112 trp1-1) (37) a RAD5 derivative of W303-1A (38) .
Plasmids used in this study are described in Supplementary Table S2 . Oligonucleotides used for construction are listed in Supplementary Table S3 . The Srs2 ::pGEX-6P-1 fragment was amplified by PCR and cloned into the EcoRI site of pGEX-6P-1.Srs2 ::pGEX-6P-1 and Srs2 ::pGEX-6P-1 were created by site-directed mutagenesis of Srs2 ::pGEX-6P-1 by producing stop codons at corresponding positions. Fragment Srs2 was amplified by polymerase chain reaction (PCR) and cloned into the EcoRI site of pGEX-6P-1. Construction of Srs2 998-1174 fragment in pGEX-6P-1 was described earlier (12) . The N-terminal truncation of Srs2 ::pET11c was made by site-directed mutagenesis of Srs2::pET11c by adding stop codon at corresponding positions. Plasmid pKR6317 was constructed by amplifying the first 319aa of Mus81 on an NdeI-NotI PCR fragment using oligos 462 (GAACATATGGAACTCTCATCAAACTTA) and 924 (TTTGCGGCCGCCTACTGTTTGATCATCA GA) and ligating it together with an 88-bp NotI-BamHI linker into the NdeI-BamHI sites of pET11a. This construct expresses amino acids 1-319 of Mus81 fused to a 26aa C-terminal V5-His6 epitope tag. The Mus81 
Expression and purification of Srs2 and its variants
Wild-type Srs2, Srs2-K41R and Srs2 were expressed and purified as previously described (39, 40) . Another Nterminal truncation of Srs2 (Srs2 ) was purified as described (41 and Srs2 998-1174 were cloned in the pGEX-6P-1 vector and expressed in Escherichia coli BL21(DE3) cells by induction with 0.1 mM isopropyl-1-thio-␤-D-galactopyranoside (IPTG) overnight at 16
• C. After harvesting cells by centrifugation, the cell pellets were resuspended and sonicated in cell-breakage buffer (CBB) (50 mM Tris pH 7.5, 10% sucrose, 10 mM EDTA, 1 mM DTT and 0.01% NP40) containing 150 mM KCl and protease inhibitors (2 g/ml aprotinin, 5 g/ml benzamidine, 10 M chymostatin, 10 M leupeptin and 1 M pepstatin A). The crude extract was clarified by ultracentrifugation (100 000 x g, 4
• C, 1 h) and the supernatant loaded on SP-Sepharose (7 ml, GE Healthcare). The column was eluted with 70 ml of 150-1000 mM KCl in buffer K (20 mM K 2 HPO 4 , 10% glycerol, 0.5 mM EDTA). Fractions containing Srs2 were mixed for 1 h at 4
• C with 500 l of GSH-Sepharose (GE Healthcare) and washed in buffer K containing 100 mM KCl. Bound proteins were washed with 5 ml of 100 mM KCl in buffer K and eluted in steps with 500 l of 10, 50, 100 and 200 mM glutathione (GSH) in buffer K containing 100 mM KCl. The peak fractions, eluting in the range of 20-100 mM GSH, were loaded onto a 1 ml MonoS column (GE Healthcare) and eluted with a 10 ml gradient from 150 to 1000 mM KCl in buffer K. Fragments of Srs2 were concentrated and stored in 5 l aliquots at −80 • C.
Purification of yeast and human Mus81 protein and its complexes
Yeast Mus81-Mms4 and Mus81 proteins as well as human MUS81-EME1 complex were expressed in E. coli and purified as previously described (42) . For expression of Mus81 1-319 , 10 g of E. coli cell paste was sonicated in 50 ml CBB buffer containing 150 mM KCl and clarified as described above. The supernatant was passed through QSepharose (7 ml) and the flow-through fraction was then directly applied to SP-Sepharose (7 ml) and eluted with a 70 ml gradient of 150-1000 mM KCl in buffer K. Fractions containing Mus81 were then mixed with His-Select Ni affinity gel (Qiagen) for 1 h at 4
• C. The bound protein was eluted in steps with 500 l each of 150, 300 and 500 mM imidazole in buffer K containing 150 mM KCl. The peak fraction was loaded on a 1 ml MonoS column (GE Healthcare) and eluted with a 10 ml gradient of 150-1000 mM KCl in buffer K. Nearly homogenous Mus81 1-319 was concentrated and stored in 5 l aliquots at −80
• C.
Expression and purification of other proteins
The Rad1-Rad10 complex was expressed in E. coli strain Rosetta(DE3)pLysS from a bicistronic plasmid containing both 6xHis-Rad1 and Rad10 (32) . The overexpression was induced at OD 600 ∼ 0.8 by addition of 0.1 mM IPTG followed by an incubation at 16
• C overnight. The cells were pelleted and stored at −80
• C. Extract from 9 g of cell paste was prepared by sonication in 40 ml of CBB buffer. The lysate was clarified by ultracentrifugation (100 000 x g, 4
• C, 1 h) and the supernatant was incubated with 1 ml of HISSelect nickel affinity gel (Sigma) for 1 h at 4
• C. The beads were washed with 12 ml of buffer K containing 150 mM KCl. The bound proteins were eluted with buffer K supplemented with 50 mM KCl and containing 50, 150, 300, 500 or 1000 mM imidazole. The fractions containing Rad1-Rad10 complex (from 150 to 500 mM imidazole) were pooled and applied onto a 1 ml Heparin column followed by elution using an 8 ml gradient of 275-1000 mM KCl in buffer K. The peak fractions of Rad1-Rad10 complex eluting from the Heparin column at ∼500 mM KCl were pooled, loaded onto a 0.5 ml MonoQ column and eluted using a 5 ml gradient of 275-1000 mM KCl in buffer K. The fractions containing eluted Rad1-Rad10 complex were concentrated to 400 l in a VivaSpin-2 concentrator, and then fractionated in a 23 ml Sephacryl S400 column in K buffer containing 300 mM KCl. The peak fractions of Rad1-Rad10 complex were concentrated to 2 g/l and stored in small aliquots at −80
• C. The expression of Mre11 was described previously (43) . Briefly, overnight cultures grown at 30
• C incomplete synthetic media lacking uracil were diluted 8-fold into fresh medium containing galactose and incubated at 30
• C for 24 h to induce the expression of Mre11. After harvesting, the cells were lysed with cryo-mill (LABTECH) and yeast powder was resuspended in 100 ml of CBB buffer containing 100 mM KCl and subjected to ammonium sulfate precipitation at 0.28 g/ml. The precipitate was dissolved in 100 ml of buffer K with protease inhibitors and passed through QSepharose (20 ml). Mre11 was eluted with a 200 ml gradient of 100-1000 mM KCl in K buffer and then loaded onto a 1 ml hydroxyapatite column and eluted with a 10 ml gradient of 0-400 mM KH 2 PO 4 in buffer K. Fractions containing Mre11 were loaded on a 1 ml MonoS and eluted with a 10 ml gradient of 100-1000 mM KCl in buffer K. The peak fractions containing Mre11 were concentrated and stored at −80
• C. Yeast Rad51 was expressed and purified as described elsewhere (6).
DNA substrates
Oligonucleotides were purchased from VBC Biotech. Sequences of oligonucleotides used for synthetic substrates are shown in Supplementary Table S4 . The individual substrates were prepared by annealing of corresponding oligonucleotides as previously described (41) .
Nuclease assay
Nuclease assays with Mus81-Mms4 were performed as previously described (42) . Briefly, Mus81-Mms4 (0.25 nM) was pre-incubated with Srs2, Srs2-K41R or various truncation proteins (5, 10, 20, 40 and 80 nM) at 30
• C for 30 min in 20 l of buffer N (20 mM Tris, pH 8.0, 100 mM NaCl, 100 g/ml bovine serum albumin, 0.2 mM dithiothreitol, 5% glycerol and 10 mM MgCl 2 ). DNA (7 nM) was added to the reaction mixtures and incubated for another 30 min at 37
• C. After deproteinization by incubation with 0.1% SDS and 500 g/ml of proteinase K at 37
• C for 5 min, reactions were resolved on 10% polyacrylamide gels and scanned with a Fuji FLA 9000 imager (Fuji). In some cases the products were also analyzed on 13% denaturing gel. The experiments were done in triplicates and the gels were quantified by Multi Gauge V3.2 software (Fuji).
In the time course experiment, the indicated amount of Mus81-Mms4 was incubated with 10 nM of Srs2 for 30 min. After addition of fluorescently labeled DNA (7 nM), reaction mixtures were incubated for 10, 20, 30, 40 and 50 min and analyzed as described above. In the targeting assay, Srs2 (70 nM) was first pre-incubated with the 3 -flap structure (6 nM) at 30
• C for 10 min followed by addition of Mus81-Mms4 (0.25 nM) and incubation for 2.5, 5, 7.5, 10 and 15 min at 30
• C. Corresponding aliquots were analyzed on a 10% native gel as described above. In the reaction containing human MUS81-EME1 protein, Srs2 (10, 20 and 40 nM) was mixed with 0.25 nM MUS81-EME1 and the reaction was performed as described above. For the Rad1-Rad10 reaction, 0.2 nM of Rad1-Rad10 was mixed with 10, 20, 40, 80, 150 and 300 nM Srs2 783-898 together with Y form DNA substrate (7 nM) and the reaction was carried out as described above.
Rad51 removal assay
In the nuclease assay containing Rad51, increasing concentrations of Rad51 (100, 200, 400, 600 and 800 nM) were preincubated with DNA (7 nM) in 20 l of buffer N and 800 nM ATP for 10 min at 37
• C, then Mus81-Mms4 (0.4 nM) was added to the mixture and the reaction was carried out as above. Next, yeast Rad51 (600 nM) was pre-incubated with DNA (7 nM) for 10 min at 37
• C followed by addition of Mus81-Mms4 (0.4 nM) together with increasing concentrations of Srs2 or Srs2-K41R mutant (5, 7.5, 10, 15 and 20 nM) and incubated for 30 min at 37
• C. After deproteinization, the reactions were resolved on 10% native PAGE and scanned with a Fuji FLA 9000 imager and analyzed. • C. Supernatants were collected and beads were washed three times with 100 l of the same buffer. The supernatant and beads were treated with Laemmli buffer and analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% gel followed by Coomassie blue staining or western blot analysis with appropriate antibodies. For the pull-down using the V5 epitope, the same concentrations of Srs2 as well as Srs2 1-700 , Srs2 or Srs2 1-860 were pre-incubated for 1 h at 4
Pull-down assays
• C with Mus81 or Mus81 . Anti-V5 agarose beads (10 l in 25 l of buffer K containing 200 mM KCl) were added and reactions were incubated for 30 min at 4
• C. After incubation, the mixtures were treated as described above. Samples were also analyzed by western blot with antibodies against the His affinity tag present at the N-terminus of each Srs2 fragments.
The IP was performed as follows: the plasmid carrying MUS81 gene was expressed in yeast and grown in YPD at 30
• C overnight to OD 600 ∼ 1. The frozen pellet was lysed with Immunoprecipitation (IP) buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF, 5 g/l leupeptin and 1 g/l aprotinin) and yeast extract containing wtMus81 was incubated with purified Srs2 and 10 l of Glutathione Sepharose 4 Fast Flow beads for 3 h at 4
• C. After incubation, supernatants and beads were analyzed by western blot with anti-His antibodies.
Yeast two-hybrid analysis
Two-hybrid analysis was performed as described previously (44 Table S2 ) were mated overnight on a YPD plate to form diploids. Thereafter, the diploid strains were selected on media lacking leucine and tryptophan and grown for 48 h at 30
• C. Cells were spotted as 10-fold serial dilutions on medium lacking leucine and tryptophan or leucine, tryptophan and histidine and a picture was taken 3 days after incubation at 30
• C. The empty vector (pGADT7) was included as negative control.
Helicase assays
The helicase assays with Srs2 were performed as previously described by Marini 2012 (41) . Reaction mixtures containing Srs2 (10 nM) were pre-incubated with increasing concentrations of Mus81-Mms4 (12. • C. After deproteinization, by incubation with 0.1% SDS and 500 g/ml of proteinase K at 30
• C for 3 min, reactions were resolved by 12% native PAGE and the gel was scanned with a Fuji FLA 9000 imager (Fuji).
Sensitivity spot assay
Cells were grown to mid-to late-log phase in YPD and diluted in water to OD 600 ∼ 0.2. Several 10-fold serial dilutions were spotted on a YPD plate supplemented with CPT (0.5, 1 and 2 g/ml), HU (25, 50 and 100 mM), MMS (0.005, 0.01 and 0.02%) or Zeocin (2.5 and 5 g/ml). Drugs were added to the agar medium just before pouring the plates. Pictures of the plates were taken after 2 days incubation at 30
Fluorescent microscopy
Yeast cells were grown and processed for fluorescence microscopy as described previously (45) and imaged at 25
• C. Fluorophores were visualized on a DeltaVisionElite microscope (Applied Precision, Inc) equipped with a 100x objective lens (Olympus U-PLAN S-APO, NA 1.4), a cooled Evolve 512 EMCCD camera (Photometrics, Japan), and Insight solid state illumination source (Applied Precision, Inc). Pictures were processed with Volocity software (PerkinElmer). Images were acquired using softWoRx (Applied Precision, Inc) software.
RESULTS
Residues 783-860 of Srs2 interact with Mus81
Genetic studies in yeast have previously implicated Srs2 and Mus81 in the repair of single-stranded gaps, where Srs2 channels the intermediate into the Mus81 sub-pathway (18, 46) . In order to ascertain a sub-pathway of repair that is dependent on the activities of both Srs2 and Mus81, we tested for a direct interaction between Srs2 and Mus81 using pull-down assays with a purified Srs2 (His-Srs2 ) and V5-His-Mus81. When applied to anti-V5 agarose beads, Mus81 was able to retain full-length Srs2 ( Figure 1C , lanes 1-4). Next, we also tested whether Srs2 could co-precipitate Mus81 from yeast. Extract from yeast cells expressing HisMus81 was incubated in the presence or absence of purified GST-Srs2 783-998 followed by pull-down using GSH-beads. Immunoblotting of the supernatant as well as the elution fractions with anti-His antibody confirmed the ability of Srs2 to bind Mus81 ( Figure 1D ).
In order to map the Mus81 interaction domain within Srs2, we constructed and purified several N-terminal Srs2 truncations ( Figure 1B ). To test the interaction with Mus81, we mixed two truncations (Srs2 or Srs2 1-860 ) with V5-His-Mus81 and anti-V5 agarose beads. Both Srs2 variants were retained on the beads ( Figure 1C ), suggesting that the last 300 amino acids, including PCNA and Rad51 binding domains are not necessary for the interaction with Mus81 protein. In addition, this experiment confirmed that the interaction is independent of the GST-tag. To further narrow down the interaction domain, we constructed and purified five additional C-terminal truncations of Srs2, including GST-Srs2 783-1174 , GST-Srs2 783-998 , GST-Srs2 783-898 , GSTSrs2 898-998 and GST-Srs2 998-1174 . These fragments of Srs2 were mixed with Mus81 and incubated with GSH-beads. As shown in Figure 1E , only fragments GST-Srs2 898-998 and GST-Srs2 998-1174 failed to bind Mus81 protein, as confirmed by Coomassie blue staining as well as western blot analysis. Finally, we also tested the ability of Srs2 to interact with the Mus81 subunit or the Mus81-Mms4 complex. When applied to GSH-beads, GST-Srs2 was able to retain both the Mus81-Mms4 complex as well as Mus81 alone ( Figure 1F ). In summary, these experiments indicate a direct physical interaction between Srs2 and the Mus81-Mms4 complex. This interaction is mediated via Mus81 and the region responsible for this interaction within Srs2 protein resides in aa 783-860.
The N-terminus of Mus81 is required for interaction with Srs2
Since the Mus81 protein mediates the interaction with Srs2, we aimed to determine the region of Mus81 protein required for this interaction. We therefore cloned, expressed and purified an N-terminal fragment of Mus81 (V5-His-Mus81
1-319 ) and tested its interaction with fulllength Srs2. A C-terminal fragment of Mus81 (V5-HisMus81 319-632 ) was insoluble and could not be used for the analysis. As shown in Figure 2A , the N-terminus of Mus81 was able to retain Srs2 on anti-V5 agarose beads. In addition, we compared the binding between full-length Mus81 and Mus81 and found that they both bind the Srs2 (Supplementary Figure S1A ). Next, we tested the affinity of Mus81 1-319 toward various N-and C-terminal truncations of Srs2. Using the GSH-bead pull-down assay, an identical pattern of interaction was observed with full-length Mus81. Similar results were obtained using both Coomassie blue staining and western blot analysis. The inability of the Srs2 1-700 fragment to interact with Mus81 confirms that the interaction domain within Srs2 resides between aa 783-860 ( Figure 2B, C and D) .
To map the interaction domain in greater details we took advantage of the yeast two-hybrid assay. Here, the Srs2 783-1174 fragment was cloned into the pGADT7 vector and transformed into strain PJ69a. 290-632 ) cloned into pG-BKT7 were transformed into the PJ69␣ strain. Corresponding strains were mated and grown on SD/-His/-Trp/-Leu to select for positive interactions. As shown in Figure 2E and Supplementary Figure S1B , the shortest Mus81 fragment interacting with Srs2 contains the region 1-155. Taken together, we conclude that the Srs2-interacting domain is located within the first 155 amino acids of Mus81.
Srs2 stimulates the activity of the Mus81-Mms4 endonuclease
We (42) and others (47, 48) have demonstrated that physical interactions with other proteins can lead to stimulation of Mus81-Mms4 nuclease activity. Therefore, we asked whether Srs2 had any effect on the endonuclease activity of the Mus81-Mms4 complex. First, we used a 3 -flap DNA structure which is one of the Mus81-Mms4's preferred substrates and a relevant DNA intermediate during DNA repair and replication (27) . We titrated full-length Srs2 together with an amount of Mus81-Mms4 that cleaves ∼10% of the substrate (0.25 nM). Indeed, we observed robust stimulation of the Mus81-Mms4 endonuclease activity by Srs2 ( Figure 3A) . In particular, the cleavage was stimulated ∼2-fold by 5 nM, 4-fold by 10 nM and 8-fold when 80 nM of Srs2 was added to the reaction ( Figure 3B ). This stimulation did not change the cleavage pattern of Mus81-Mms4 as seen on denaturing PAGE (Supplementary Figure S1C) .
In addition, we wished to test whether Srs2 was able to target Mus81-Mms4 to the substrate. To this end, preincubation of Srs2 with 3 -flap DNA substrate followed by addition of Mus81-Mms4 resulted in 3-to 4-fold higher stimulation of nuclease activity compared to a reaction in which both proteins were added simultaneously ( Figure 3C and D). To further characterize the effect of Srs2 on the rate of Mus81-Mms4 cleavage, we conducted time course experiments. A sub-optimal amount of Mus81-Mms4 complex (0.25 nM) was incubated either alone or with 10 nM Srs2 in the presence of 3 -flap DNA, and aliquots of the reaction were withdrawn and analyzed over time. As shown in Figure 3E and F, in the presence of 10 nM Srs2 resulted in a 2-fold stimulation of 3 -flap cleavage in the first 10 min, and a maximum of 6-fold stimulation at 50 min compared to the Mus81-Mms4 reaction alone.
Next, we tested whether various truncation fragments of Srs2 could also stimulate Mus81-Mms4 activity. Increasing concentrations of each fragment and full-length Srs2 protein were mixed together with the Mus81-Mms4 complex (0.25 nM) and the 3 -flap structure. As expected, all Srs2 fragments that interacted with Mus81 in pull-down assays were also able to stimulate Mus81-Mms4 nuclease activity. In particular, the Srs2 1-898 , Srs2 1-860 and Srs2 783-1174 truncations containing region 783-860 of Srs2 were able to stimulate nuclease cleavage to the same extent as full-length Srs2 ( Figure 3G and H) . Although decreased, Srs2 783-898 was also able to significantly stimulate the Mus81-Mms4 complex. Figure 3G summarizes the quantification of the individual experiments. We also tested if Srs2 1-700 was able to stimulate nuclease activity of Mus81-Mms4 since it failed to interact. We observed only mild stimulation compared to full-length Srs2 (Supplementary Figure S1D and E) . Similarly, the Srs2 898-998 and Srs2 998-1174 fragments showed very mild stimulation of 3 -flap cleavage and only at the highest concentration used ( Figure 3G ). In addition we also created an Srs2 mutant missing the Mus81-interaction domain (Srs2-783-860). However, this mutant had poor solubility and lacked both Mus81-Mms4 stimulation and DNA helicase activity. The fact that these results were obtained despite the fact that Srs2-783-860 contains all helicase domains, suggested a potential misfolding or instability defect (data not shown). For this reason, Srs2-783-860 was not used for further analysis.
Srs2 possesses a ssDNA-dependent ATPase activity (5, 49) . This activity fuels its translocation on ssDNA thus allowing the unwinding of DNA as well as disassembly of Rad51-ssDNA nucleoprotein filaments (8-9,49 ). The Srs2- K41R protein, which contains a mutation in the Walker A domain that is responsible for the binding and hydrolysis of ATP, is devoid of the above-mentioned functions (50) . We therefore next asked if this mutant is able to stimulate the endonuclease activity of the Mus81-Mms4 complex. For that purpose we performed nuclease assays in the presence of the increasing amounts of Srs2-K41R. As shown in the Supplementary Figure S2A , Srs2-K41R protein is fully capable of stimulating Mus81-Mms4 to the same extent as wild-type Srs2. This indicates that the helicase activity of Srs2 is not required for the stimulation of the Mus81-Mms4 complex.
To further support this conclusion, we tested the ability of ATP-␥ -S to potentiate the stimulatory effect of Srs2 on the Mus81-Mms4 nuclease activity. However, ATP-␥ -S had no effect on the stimulation of Mus81-Mms4 by Srs2 (Supplementary Figure S2B ). In summary, these data indicate that Srs2 is able to efficiently stimulate the nuclease activity of Mus81-Mms4. We conclude that the region 783-860 of Srs2 is required for both Mus81 interaction and stimulation, and that this stimulation is independent of Srs2 helicase/ATPase activity.
Stimulation of Mus81-Mms4 activity by Srs2 is speciesspecific
Due to the evolutionary conservation of Mus81 protein, we also tested the effect of Srs2 on the human MUS81 homolog. First, we analyzed the ability of GST-Srs2 783-998 to interact with the human MUS81-EME1 complex. Using a pull-down assay we observed MUS81-EME1 binding to GSH-beads in the presence of a GST-Srs2 fragment (Supplementary Figure S3A ), which indicates that they physically interact. Using the same approach as above, we then tested the effect of Srs2 on MUS81-EME1 nuclease activity. However, Srs2 showed only limited enhancement of human MUS81-EME1 activity compared to the robust stimulation of yeast Mus81-Mms4 (Supplementary Figure S3B) . This indicates that despite the observed interaction, it is insufficient to stimulate MUS81-EME1 nuclease activity. To further analyze the specificity of the stimulation, we also tested the effect of Srs2 on another structure-specific nuclease, the yeast Rad1-Rad10 complex. In contrast to Mus81-Mms4, addition of Srs2 did not result in significant stimulation; rather, we observed inhibition at higher Srs2 protein concentration (Supplementary Figure S3C) . Similarly, we did not observe stimulation of Mus81-Mms4 nuclease activity by UvrD helicase, the bacterial homolog of Srs2 (Supplementary Figure S3D ), which confirms the specificity of Srs2 stimulation toward Mus81-Mms4.
Cleavage of D-loop, nicked HJ and fork structures is also stimulated by Srs2
Mus81-Mms4 was previously shown to cleave a number of DNA structures including those resembling replication forks, nicked Holliday junctions (nHJ) D-loops and 3 -flaps, whereas Y form and intact HJs were not efficiently cleaved (25) (26) (27) . We therefore wanted to test whether Srs2 could also stimulate the endonuclease activity of Mus81-Mms4 on other substrates. As shown in Supplementary Figure S4 Figure S4C) , indicating that Srs2 can modulate its activity but not influence the structure selectivity of Mus81. Altogether, Srs2 is capable of dramatically stimulating the nuclease activity of Mus81-Mms4 on all substrates that this complex cleaves.
Effect of Mus81-Mms4 on the helicase activity of Srs2
The ability of Srs2 to stimulate the nuclease activity of the Mus81-Mms4 complex prompted us to also test the effect of Mus81 on Srs2 helicase activity. We pre-incubated Srs2 with increasing concentrations of Mus81-Mms4 complex and monitored the unwinding of a 3 overhang DNA structure. This substrate was chosen to avoid the nuclease activity of the Mus81-Mms4 complex. As shown in Figure 4A , an equimolar amount of Mus81-Mms4 results in almost 20% inhibition of Srs2 helicase activity while 60% inhibition was observed with 300 nM of the Mus81-Mms4 complex. Since the interaction between Srs2 and Mus81-Mms4 is mediated by Mus81 protein, we next tested whether Mus81 alone or its N-terminal domain (Mus81 1-319 ) was also able to inhibit Srs2 helicase activity. Both Mus81 and Mus81 1-319 inhibited Srs2 helicase to the same extent as Mus81-Mms4 complex ( Figure 4B and C) . To test the specificity of this inhibition, we performed the same helicase assay with another Srs2-interacting protein, Mre11. In contrast to Mus81, our results show that Mre11 was not able to block Srs2 helicase activity ( Figure 4D ), confirming the specificity of Mus81 inhibition.
Rad51 inhibits cleavage by Mus81-Mms4 in a reaction suppressed by Srs2
Since some of the structures that the Mus81-Mms4 complex is able to cleave arise during recombination, we asked whether the presence of Rad51 on such DNA will influence the nuclease activity. Hence, we pre-incubated 3 -flap DNA with increasing concentrations of Rad51 before addition of Mus81-Mms4 complex. As shown in Figure 5A (lanes 4-8) , addition of Rad51 results in inhibition of Mus81-Mms4 nuclease activity. As expected, full inhibition was observed approximately at saturation of the ssDNA part of the substrate (3:1 nucleotide:monomer).
The ability of Srs2 to inhibit Rad51-mediated recombination by dismantling the Rad51-ssDNA presynaptic filament (8, 9) prompted us to test whether this activity of Srs2 can suppress Rad51-mediated inhibition of Mus81-Mms4 nuclease activity. Therefore, we pre-incubated Rad51 (600 nM) with 3 -flap DNA followed by addition of Mus81-Mms4 (0.4 nM) and increasing concentrations of Srs2. While the Rad51-filament formation inhibited the nuclease activity, addition of Srs2 resulted in suppression of the Rad51-mediated inhibition of Mus81-Mms4 activity ( Figure 5B ). In particular, 5 nM Srs2 resulted in a 2-fold increase, and 20 nM Srs2 in a 5-fold increase of Mus81-Mms4 activity compared to the inhibited reaction ( Figure 5C ). To determine whether the suppression of Rad51 inhibition was due to its removal from the DNA by Srs2, we also tested the effect of the Srs2-K41R mutant. As expected, Srs2-K41R was not able to alleviate the effect of Rad51 on Mus81-Mms4 cleavage ( Figure 5D ), indicating that translocation of Srs2 and removal of Rad51 is required for this activity.
Genetic interactions between MUS81 and SRS2
Previous genetic data in budding and fission yeast suggests that Srs2 and Mus81 act in the repair of single-stranded gaps (18, 46) . To further assess the roles of the SRS2 and MUS81 genes, we spotted dilutions of wild-type, single and double deletion mutant strains onto agar plates containing the ribonucleotide reductase inhibitor HU, the alkylating agent MMS, the topoisomerase I poison CPT and the radiomimetic chemical Zeocin. As shown in Figure 6 , the double mutant was more sensitive to several of these agents than either single mutant. The fact that this occurred at the lowest concentrations of CPT, HU and MMS is consistent with the idea that Mus81 and Srs2 act in separate parallel pathways for the processing of DNA damage induced by these agents.
The synergistic effect observed in the double mutant might be due to the multifunctional role of Srs2 in various DNA repair pathways. Therefore, we also tested the srs2-K41R mutant strain that is unable to remove Rad51 from ssDNA (50) . The srs2-K41R mus81 deletion strain showed even greater sensitivity to CPT, HU and Zeocin compared to the double deletion mutant. This suggests that the ability to remove Rad51 and/or unwind recombination intermediates is also a Mus81-independent function.
Mus81 and Srs2 co-localize after DNA damage
Our biochemical data prompted us to test whether Srs2 and Mus81 co-localize in vivo with or without DNA damage. Only ∼9% of the budded cells contained spontaneous Mus81 foci and this formation was induced up to 20% by treatment with CPT or Zeocin. In contrast, treatment of the cells with HU had no significant effect on Mus81 focus formation (Figure 7) . Accordingly, we observed significant co-localization of Srs2 and Mus81 foci after treatment with CPT, indicating a role for these proteins in the repair of CPT-induced damage (Figure 7) . The co-localization of Mus81 and Srs2 after Zeocin treatment is also significant and was further enhanced by prolonged treatment (Figure 7B ), suggesting that Srs2 and Mus81 function together in the repair of chromosome damage. Analysis of cell cycle stage shows culmination of Srs2 foci in S/G2, colocalization foci with Mus81 in G2 and Mus81 foci alone in G2/M phase ( Figure 7C ), suggesting that Srs2 might be responsible for targeting Mus81 to sites of DNA repair. However, Mus81 was fully proficient in focus formation in the absence of Srs2 (Supplementary Figure S5) . Further, there was a statistically significant increase in spontaneous Mus81 foci in the srs2 strain that was further increased upon DNA damage. Such a result is consistent with the idea that this strain accumulates toxic recombination intermediates that are targets for Srs2-independent recruitment of Mus81. Taken together, these results are consistent with DNA damage-induced co-localization of Mus81 and Srs2. The fact that Srs2 focus formation precedes Mus81 suggests that Srs2 could play a role in its regulation at the site of repair.
DISCUSSION
The structure-specific endonuclease Mus81-Mms4/Eme1 has been shown to be involved in the maintenance of genome integrity by processing replication, recombination and repair intermediates (22, 29, 31, (51) (52) . Mounting evidence also points to multiple roles of Srs2 during DNA replication and recombination (4) . Despite the roles of Srs2 and Mus81 in SDSA, and recent advances in understanding their regulation, the molecular mechanism of these enzymes remains unclear. Here, we demonstrate a direct physical interaction between Srs2 and the Mus81-Mms4 complex in vitro as well as their co-localization in vivo. We also show that this association leads to a strong stimulation of Mus81-Mms4 nuclease activity on a variety of substrates. Together, these findings lead us propose a model where, despite their independent roles, Srs2 and Mus81 cooperate in the resolution of replication and recombination intermediates to ensure genome stability. Several pieces of evidence support this idea. First, the N-terminus of Mus81 mediates the direct physical interaction with Srs2, while the Mus81-interaction domain of Srs2 is independent of its helicase domain and its Rad51-and PCNA-interaction domains (39) (40) 50) . This suggests that there is a separate Mus81-interaction domain within Srs2. The fact that full-length Srs2 showed lower binding affinity for Mus81 than its N-and C-terminal truncations suggests that the truncated proteins provide better access to a Mus81-interaction domain located within the complex structure of Srs2.
Second, the physical interaction of Srs2 with the Mus81-Mms4 complex results in robust stimulation of its nuclease activity. Kinetic results from the time course experiment shows that the initial reaction rate is linear. Thus, Henri-Michaelis-Menten kinetics could describe the enzymatic activity, in which the linearity of the reaction velocity reflects a role for Srs2 in stabilizing active Mus81-Mms4 on the substrate. Interestingly, neither ATP binding nor its hydrolysis by Srs2 is needed for Srs2 to stimulate nuclease activity (Supplementary Figure S2) . A stimulation of Mus81 activity was reported for yeast and human Rad54 proteins (42, 47) . However, the mechanisms of stimulation are likely to be different, since the interaction between Srs2 and Mus81 does not require ssDNA, as was the case for the Rad54 interaction (42). This conclusion is further supported by the fact that nuclease stimulation requires a small fragment of Srs2 spanning residues 783-898 that does not bind DNA. However, we cannot exclude the possibility that the ability of Srs2 to bind DNA may play a role in stimulation of Mus81 nuclease activity ( Figure 3G ), since larger fragments of Srs2 that bind DNA show an even higher level of stimulation. In addition, while Rad54 stimulation seems to be evolutionarily conserved, the Srs2 activation is species-specific due to its inability to stimulate human MUS81-EME1 complex.
Third, Srs2 is able to co-immunoprecipitate Mus81 and it co-localizes with Mus81 in cells after DNA damage. The in vivo interaction is also supported by expression profiles of the proteins, which both increase in S phase and peak in G2 (53, 54) . The shared expression profiles and the DNA damage-induced co-localization of Srs2 and Mus81 suggest that there is coordination and regulation of the interaction. Indeed, Mus81 function in yeast is subject to tight cell cycle-dependent control. During S phase, Mus81-Mms4/Eme1 was shown to have low activity presumably to prevent untimely cleavage of replication forks (55) (56) (57) since premature activation of the Cdk1/Cdc5/Mus81 pathway induces deleterious crossovers (55) . However, in late G2/M mitotic cells, it becomes activated by phosphorylation and is able to cleave any remaining replication-dependent recombination intermediates (55) (56) (57) . This mechanism both prevents genome instability during replication and ensures processing of late replication intermediates. This facilitates proper chromosome segregation which is a know function of the human MUS81 complex (58, 59) . Srs2 is also phosphorylated by Cdk1, and this modification, while not affecting the anti-recombinase activity of Srs2, promotes its pro-recombinational repair and was proposed to target Srs2 to specific DNA structures (60) . The idea that Srs2 targets Mus81 to such structures via its interaction domain is supported by our in vitro experiments as well as the observation that the Srs2 foci precede the Mus81 foci.
Fourth, the ability of Rad51 to inhibit the nuclease activity of Mus81-Mms4 must be specific given that another ss-DNA binding protein (RPA) did not present an obstacle for Mus81-Mms4 cleavage ( Figure 5 and data not shown). This inhibition was alleviated by Srs2 and its ability to translocate on ssDNA and remove Rad51 (8, 9 ). This conclusion is supported by the fact that the helicase-dead Srs2 mutant, while being able to stimulate Mus81, was not able to suppress the Rad51 inhibition ( Figure 5 and Supplementary Figure S2 ). This indicates that both activities, Rad51 removal and stimulation of the nuclease, could be required for proper processing by Srs2. Srs2 could remove Rad51 from various structures including a displaced extended strand to promote strand annealing, and stimulates the resolution of structures that can be cleaved by Mus81-Mms4 (Figure 8) . Indeed, a Rad51-independent activity of Srs2 was previously shown to promote SDSA, as a truncation mutant of Srs2, incapable of binding Rad51, reduced the noncrossover rates, albeit to a lesser extent than an SRS2 null mutant (61) . In addition, DSB repair in a system that monitors RAD51-independent events (i.e. break-induced replication (BIR) and single-strand annealing (SSA)) showed a requirement for Srs2 to remove Rad51 from DNA in order to allow downstream repair events (10) .
Fifth, we found that Mus81 prevents Srs2 from unwinding recombination/replication intermediates. This observation suggests that Srs2 and Mus81 might coordinate their activities to control the unwinding of specific intermediates in order to stabilize substrates that can be resolved by Mus81-Mms4. We note that the inhibition of unwinding could arise from the sequestering of substrate DNA by Mus81. However, another Srs2-and DNA-binding protein, Mre11, did not affect the helicase activity of Srs2, indicating that the inhibition of Srs2 by Mus81-Mms4 is likely to be specific.
Based on available data we propose a model for the role of Srs2 and Mus81 in processing recombination intermediates (Figure 8) . Previous studies have shown that the antirecombinase activity of Srs2 is responsible for channeling lesions into the post-replication repair pathway by removing Rad51 protein from ssDNA (8) (9) 62) . However, Srs2 also demonstrates pro-recombination activity (11, 63 repair efficiency and non-crossover events, but it also resulted in a proportional increase in crossovers (10) (11) (64) (65) . Based on Srs2's biochemical activities, it was suggested that Srs2 could promote SDSA by preventing second-end capture (10) or by regulating strand elongation within a Dloop structure (12) . It was also shown that Srs2 could unwind the invading strand from the template DNA in an oligo-based substrate (66) . However, in the context of a Rad51-catalyzed D-loop and following extension of the invading strand, Srs2 is not able to displace the invading or extended strand as efficiently as Mph1 (67, 68) . A recent study by Mitchel et al. , that was able to more specifically distinguish between HJ cleavage, dHJ dissolution and SDSA, demonstrated that while the absence of Srs2 had no effect on crossovers, it resulted in decreased gap-repair efficiencies together with early-appearing non-crossover events (61) . They proposed that Srs2 acts on D-loops, and nicked single or double HJs. Shared genetic interactions in both S. cerevisiae and Schizosaccharomyces pombe indicate that Srs2 and Mus81 function in the same sub-pathway, but it was not clear until now how the anti-recombinase activity of Srs2 could collaborate with Mus81 nuclease activity (18) (19) 46) . Our data provide evidence for the targeting of Mus81 by Srs2 and for coordination of their activities in the processing of various replication/recombination intermediates (Figure 8) . This is in line with the ability of Srs2 to recognize a variety of branched DNA substrates containing a nick that are also favorable substrates for Mus81-Mms4 cleavage (27, 32, (41) (42) . Finally, a small deletion within Srs2, corresponding to the Mus81 interaction domain identified here, was previously shown to be almost as detrimental to SDSA as an srs2 deletion (69) . This suggests that the region defined by aa 783-860 of Srs2 is required for SDSA-mediated noncrossovers. However, we note that in our hands this specific deletion mutant is unstable and deficient not only for stimulation of Mus81/Mms4 nuclease but also helicase activity. Mus81/Srs2 activity within the SDSA pathway might also be required when, as a result of over-synthesis, the invading strand is excessively long to a degree where, after displacement and annealing, 3 -flap DNA structures are formed ( Figure 8B ). Alternatively, similar requirements for processing might be needed for replication restart or when structures arise by annealing of strands with limited homology ( Figure 8A ). The hypersensitivity of both Srs2 and Mus81 to CPT suggests possible roles in the repair of DSBs as a consequence of collapsed replication forks at strand nicks. This is distinct from normal PRR since mutants in the PRR pathway are not CPT sensitive (70) (71) (72) (73) . The interaction of Srs2 with SUMO-PCNA is a prerequisite for recruitment to replication forks (39, (74) (75) (76) , which places Srs2 in a temporal and spatial position to mediate later steps in the repair (Figure 8A ). In the case of fission yeast, Srs2 has been reported to promote both fork restart and template exchange at arrested forks (77, 78) . It has been proposed that this pathway proceeds via a strand invasion/template switch mechanism that uses an intact chromosome arm and generates a D-loop that can be converted into a replisome ( Figure 8A) . Thus, the coordinated activities of Srs2 and the Mus81 complex might be required not only to process D-loops into replication forks, as proposed for Mus81 fork restart (79), but to cleave stalled forks as reported for yeast and human Mus81 (22) (23) 31, 80) .
The notion that Srs2 and Mus81 have additional roles that lie in separate pathways is obvious from the synergistic increase in the DNA damage sensitivity of mus81 srs2 double mutants compared to single mutants ( Figure 6) . A similar synergistic increase in CPT sensitivity was observed in fission yeast (46) . This is in line with other genetic results showing only partial rescue of the mus81 sgs1 double mutant by deletion of RAD51 compared to the more complete rescue of the srs2 sgs1 strain (18) . The increase in Mus81 foci observed in srs2 strains may reflect not only the formation of toxic recombination intermediates that require Mus81, but also a redundancy in targeting Mus81 to the sites of DNA damage. Such a possibility is reminiscent of Rad54 and BLM which were shown to stimulate and target Mus81 activity (42, 47, 81) . Interestingly, the srs2-K41R mutant sensitizes the mus81 strain to DNA damage even more than srs2Δ. This suggests that the inability to remove Rad51 and/or unwind deleterious intermediates is more toxic for the cell than complete loss of Srs2 protein. Additional work will be required to determine if this is caused by a nonfunctional Srs2 protein blocking the processing of recombination intermediates by enzymes such as Mus81.
Our data are also supported by the recent observation that human FBH1 cooperates with MUS81 to promote endonucleolytic DNA cleavage following prolonged replication stress. This suggests that FBH1 helicase is required for MUS81-dependent resolution of toxic intermediates (82) . The fact that FBH1 suppresses specific recombination defects in the srs2 mutant (83) indicates that FBH1 is a functional human homolog of Srs2 and suggests that the mechanism of cooperation with Mus81 is conserved. It is tempting to speculate that various translocases might recruit Mus81 to corresponding intermediates that need to be processed. As stated above, human and yeast RAD54 as well as BLM have been reported to stimulate MUS81 activities (42, 47, 81) . However, Srs2 was not able to stimulate human MUS81-EME1 indicating that this stimulation is speciesspecific. Additional studies are required to determine which of the Srs2 orthologues might possess this activity in human cells.
In summary, our data help explain the roles of Srs2 and Mus81 in the resolution of recombination/replication intermediates. The uncoordinated regulation of these proteins may lead to aberrant processing of recombination/replication intermediates and contribute to the chromosome instability associated with tumor cells (84) . This makes helicases and nucleases promising targets for pharmacologic intervention in cancer therapy.
